A novel methodology for life estimation and performance evaluation of offshore wind farms high voltage AC export cables is presented. The method applies Dynamic Temperature Prediction (DTP) analysis using a Thermo-Electrical Equivalent model (TEE). Furthermore, it is suggested how the cable lifetime might be inferred based on the accumulated ageing effects. Afterwards, a sensitivity analysis of the seabed temperature variations is performed. Finally, a holistic procedure for calculating more accurately the electrical power losses of the cable is presented. Results show that an important increase of the total installed power, or cross-section reduction, can be achieved compared to traditional sizing methods.
Introduction
Offshore wind energy represents one of the fastest and most steadily growing renewable technologies. The penetration level has increased almost five times in the last seven years, reaching the impressive globally total installed power of nearly 19 GW [1] . The grid connection for Offshore Wind Farms (OWFs) contributes to around 15 % of the total system costs [2] . The export cable is one of the most important components in this concept, partly because of the increasingly longer distance from shore, and partly because of its direct impact on the overall availability [3] .
Currently, the sizing of the offshore export cables is done according to the CIGRE and IEC standards [4] . However, such standards consider steady state conditions under rated operation, i.e., a continuous conductor temperature equal to 90 ℃ and nominal electric field. The limitation of the conductor temperature at this value is due to the close contact with the insulation material, which represents the most critical element in a cable.
In fact, in [5] is proved that other factors such as mechanical stress, and environmental stress, can be neglected thanks to the improvement of manufacturing techniques, and by the installation conditions of the cable itself (which is buried and protected by inner layers). Joints and terminals also deserve attention to maximize the lifetime of the export infrastructure.
Simultaneous electro-thermal stress represents the main ageing factor of the insulation, and consequently, of the whole cable.
These standards' criterion may be intuitively too conservative considering that OWFs present a typical capacity factor of around 0.4-0.5. To cope with this issue, different concepts need to be combined in order to develop a methodology capable of estimating the lifetime of cables operating under real conditions, such as: time-varying cyclic power generation, thermal and electrical stress, thermal transients, capacity currents and failure probability. This paper is divided in the following manner: The Section 2 describes the full model, then the TEE calibration is presented in the Section 3, and finally, it is reported the application of the Dynamic Temperature Prediction (DTP) model to a 245-kV cross-linked polyethylene (XLPE)-insulated cable, operating at realistic time-varying conditions. The potential cross-section reduction from the point of view of electro-thermal is pointed out. Conclusions extracted after this work close the article.
Model description
The scheme of the general proposed methodology is presented in the Figure 1 . Input data is obtained after simulating offshore power generation, at a particular site, using the software described in [6] .
Overall, this methodology is proposed aiming to develop a tool, which provides the first steps towards the offline dynamic loadability of transmission cables for offshore wind farm applications. In the next subsections, a descriptive explanation of each block will be presented. This paper focuses specially in the description, and analysis of the DTP model.
Pre-processing stage
In this stage is decided the period under which the cable is subject to operate. Different criteria might be defined in order to establish the basis cycle, one of them could be, for instance, the year with highest capacity factor, or that year with highest instantaneous conductor temperature. Studying on detail the best decision for selecting this period is out of scope in this paper, and future publications will deal with this matter.
Conductor dynamic temperature prediction
Reference [4] provides a set of equations that allow calculating the current to be transmitted in an infinite time period, in order to get a desired constant temperature, under given specific input conditions, such as buried depth, distance between phases, surrounding constant temperature, soil resistivity, etc. However, for cases where the load current does not follow a constant profile, but rather a cyclic profile, the standard IEC-60853-2 defines mathematical expressions to correct a cable rating subject to these conditions, but the cycle is limited to some pre-defined discrete patterns, like pulse or triangular trains. On that account, dynamic loadability techniques calculate the current that can be carried for a limited period, without the physical limitations of any part of the cable being exceeded. Dynamic loadability requires the use of Dynamic Thermal Rating (DTR) in order to estimate the cable temperature either for real-time applications or for offline predictions given time series of forecasted load current (DTP). Nowadays, there are mainly three modelling principles for estimation of the cable temperature dynamically: finite elements (FEM), step response (SR) -used by CIGRÉ-and thermoelectric equivalent method (TEE). A comparison between those methods has been done in [7] and [8] , where it is remarked that TEE provides results which are within an acceptable range of the FEM simulations (nearly 1℃) with a considerable computation time reduction. TEE models also have proved to exhibit a correct estimation of the temperature as compared to real measured data in experimental tests, with deviations of around 3℃ [9] .
The TEE method is straightforward from an electrical engineering point of view. It basically consists in a direct translation of thermodynamic variables into electrical variables, i.e., considering the heat flow as electrical current and temperature as nodal voltages. Every layer of the cable is then represented with its thermal resistance and its thermal capacitance , along with the electrical losses; all together form the equivalent circuit presented in the Figure  2 . The surrounding, which in the case of submarine cables is defined by the seabed where the cable is buried, can be also divided into multiple layers ( ), in order to obtain a more accurate DTP calculation, at cost of a higher computational time required. Equations for calculating the thermal parameters of the cable layers, and surroundings can be found in [8] .
The mathematical expression of the system introduced in the Figure 2 , under dynamic state applying Kirchhoff laws, is given in the Equation (1) . In this equation the matrix is square and ( + 2)-dimensional, and its elements are dynamically defined by the total number of sublayers, . This expression consists of a system of ordinary differential equations (ODE); 1 ( ) represents the time-varying conductor surface temperature, and +2 ( ) correspondingly for the penultimate surrounding layer. It can be appreciated what was mentioned before: the system of equations, once solved, provide information of temperature along different points of radial distance from the cable's center. Additionally, it is inferred the fact that the conductor, screen and armature losses are dependent on the infeed power time series corresponding to the year selected in the pre-processing stage.
Where the variables shown in the Figure 2 are:
• 1, 2, 3, 4, 5 = Conductor Joule losses (function of the input power), 50% of dielectric losses, 50% of dielectric losses, screen losses (function of the input power), and armature losses (function of the input power), respectively. All in ( / ).
• 1 = + 0.5 . Where and are the conductor and insulation thermal capacitances, respectively. All in ( /Km).
• 3 = + 0.5 + + . Where , , , and are the screen, insulation, armature and jacket thermal capacitances, respectively. All in ( /Km).
• ( + 3)= Thermal capacitance of the surrounding sublayer in ( /Km).
• 1, 3, ( + 3) = Thermal resistance of the insulation, jacket and the surrounding sublayer , respectively. All in (Km/W).
• 1 , 2 , +2 , = Instantaneous temperature at the surface of the conductor, insulation, surrounding sublayer , and seabead, respectively. All in (K).
The current along the cable is calculated with Equation (2), where ( ), , , , , ( ), and , are voltage vector at from the Offshore Substation (OSS), voltage vector at OSS, transmission coefficient, current vector at distance from the OSS, and current vector at OSS, respectively [10] .
• 
Where is the nominal or maximum voltage level of the transmission system, and = ( , ). Therefore, can be calculated for a given distance , and the inputs for Equation (1) are obtained: ( 1 ), ( )). 2 and 3 are dependent only on the transmission voltage level. The analysis must be carried out for the value of which brings the most critical thermal performance of the cable; in a AC system without series and parallel compensation, the most critical point is the onshore subestation due to the great capacitive currents typical in submarine cables.
Lifetime probabilistic estimation
There are several lifetime probabilistic models available in the literature, such as Zurkov, Crine, and Arrhenius-IPM, each within the probabilistic framework needed for associating time-to-failure to reliability. All these models present different analytical expressions and parameter values, however in general they all provide same indications regarding lifetime in function of time-varying electrothermal stress. The Arrhenius-IPM model seems to be the most conservative over a wide operation range. By means of accelerated test experiments, the parameters of the Arrhenius-IPM model can be calculated accordingly, with subsequent updates considering new manufacturing processes and different cables [11] .
Cumulative damage
One of the simplest models for quantifying cumulative damages for materials, is the one popularized by M.A. Miner in 1945 [12] . See Equation (3), lifetime of a component is obtained when the sum of loss-of-life fractions is equal to one; this model makes use of stressexpected values, ignoring the probabilistic nature of the problem, and considering a linear life-stress relationship [13] . To overcome these limitations, in the framework of modern accelerated tests, and lifetime calculations, Miner's law must be combined with proper failure-time probability density functions. Weibull distributions is usually the most appropriate for performing these studies.
Total losses calculation
The total losses calculation process allows a holistic estimation, taking into consideration the spatio-temporal variations of current along the cable [14] . The Dynamic Temperature Prediction explained in Section 2.2, includes the effects of conductor resistance variation in function of its temperature, which in turn changes with time and modifies the value of joule losses and other associated (screen and armature losses). Consequently, the total losses ( ) calculation is defined in the Equation (4).
In the Equation (4), , ℎ, ( , ), and ( , ) are the total number of sections that the cable is divided, total number of hours in a year, conductor resistance in ohms, and current in amperes, being the two last function of distance and time. The higher the more accurate the calculation but at the same time, more computational requirements; a proper balance between both parameters must be determined.
TEE model calibration
The value of the number of sublayers ( ) to divide the seabed is determined by means of a model calibration process, which consists in evaluating the computational time against the solution quality earned when is increased. To solve the system of equations, a non-stiff differential equations solver using medium order method is applied and performance indices are defined for quantifying the obtained solution quality. Let the Normalized Mean Absolute Error ( ) [15] , defined as (5), when using sublayers in total, and having as a reference the solution .
To calibrate the TEE model a cable XLPE-245 kV-630 mm², buried at 1 meter, with synthetic hourly input power data for 80 days has been considered. Figure 3 presents both the test current time series (red step line) and the dynamic conductor prediction time series (calculated at sending-end and considering a constant surface seabed temperature of 20℃) for different sublayer numbers . It can be seen how the temperature becomes smoother when the system of equations increases, however the profile tends to converge when approaches to a high value. Therefore, in the Figure  4 is displayed how the and computational times vary in function of , where is noticed that for > 10 the different of slopes between the and computational time curves differs considerable. This is translated into a poor gain in solution quality but a great increase in processing time. Indeed, if one sets = 1% and computational time equal to 30 seconds, = 10 provides the best balance.
Further experiments have been implemented, augmenting the time-window length from 80 days to a whole year with different time resolutions (5 minutes, 10 minutes, 20 minutes and so on), and a polynomial increase in computing time has been observed in contrast to the exponential impact of the total number of sublayers in the model. Therefore represents the more binding parameter, and according to the previous results its value is fixed to 10, as the obtained output is accurate enough. 
Simulation results
To validate the DTP model built upon a TEE model, a cable XLPE-245 kV-800 mm², with total length of 50 has been evaluated with the proposed methodology. The input power has been set accordingly to the nominal current calculated by means of the static rating equation found in [4] (450 ), and fixing the external (or known as well as ambient temperature) temperature to 20℃; both variables constant in time, in order to assess the conductor temperature on steady state conditions. The results for the dynamic analysis under the aforementioned conditions are presented in the Figure 5 . In the Figure 5a , the conductor temperature time series calculated at terminals of the offshore substation (curve red line), is showed along with the input current (blue line). It can be appreciated how the steady state value converges to 90℃ after approximately 116 days of operation. Refer to the Figure 5b to see the instantaneous temperature geometrical distribution along the cable cross section in the most critical hour of the year; it is noticeable that for these operating conditions the jacket temperature is around 60℃, value which can be used for recalibrating the model in realtime with on-line measuring, if dynamic temperature control systems should to be implemented.
From these results two main outcomes must be highlighted: First, the dedicated dynamic model is validated under steady state conditions, since the resultant conductor temperature is consistent, and accurate compared to the one calculated by means of the static rating equation of [4] (straight red line). Second, the slow time constant of the system is evident: it requires around 116 days overcoming the thermal transients, and reaching the steady state temperature. This shows that the static equation omits an important part regarding the system settling time, and points out a clear potential for allowing the operation of the cable beyond the nominal power for some periods. Other important aspect not included in [4] and other references in the literature, is the effect of the capacitive currents on the cable temperature dynamic analysis and lifetime. Simulations have been implemented at the onshore connection point terminals to calculate the DTP. The steady state temperature reached by the conductor is around 95℃ after roughly 120 days of operation; the current increase at this physical point causes a greater final temperature, a faster system response and similar settling time than the calculations performed at OSS's terminals. These results reflect a key aspect to take into consideration when sizing a cable, which is the non-uniform degradation of the cable along its longitudinal dimension due to the current distribution. In this case, the terminal at onshore terminals will exhibit a faster degradation rate, and consequently, shorter lifetime expectancy due to accumulation of the capacitive currents.
After the evaluation of the model under rated conditions, the simulation for time-variable inputs is carried out. The main two stochastic variables involved in the analysis are showed in the Figure 6 and Figure 7 . The Figure 6 presents the time variation of the external temperature at a particular OWF location (bottom of the seabed); the variable exhibits a considerable temperature spread between −1℃ and 21.5℃. Likewise, for the same OWF location, the power generation time series has been simulated; the power histogram is available in the Figure 7 , where it can be appreciated that 39.5% of the time the power generated falls in the 0.9 − 1.0 . bin of power (typical value for offshore sites). The Figure 8 shows the dynamic state of the conductor temperature, which exhibits a maximum temperature of 80℃. The main outcome is the considerable available margin of cable use exploitation, given that this value is lower than the recommended by manufacturers (90℃). Indeed, it is still a conservative criterion to limit the conductor instantaneous maximum temperature to 90℃, considering that in other time periods the temperature can drop down to 30 ℃. In fact, as it can be seen in the Figure   9 , less than 1% of the time the conductor experiences the peak temperature, and a value of 51.5 ℃ represents the mean in a normal pdf function.
Regarding the effect of the external temperature over the dynamic performance of the cable, Figure 10 presents the results when considering a constant average profile (green line), a variable profile with positive 10℃ instantaneous deviation (black line), and variable profile with negative 10℃ instantaneous deviation (blue line), respect to the profile presented in the Figure 6 (base case, red line). The average-base profile presents a similar behaviour to the base case, however with a slight decrease on mean, and peak magnitudes. On the other hand, the plus-10℃-base profile, causes a greater mean value and lower spread on the temperature distribution, in contrast to the minus-10℃-base profile, which exhibits an opposite behaviour. In terms of temperature magnitude, the effects of the variation seems to cause a linear shift on the conductor temperature, however, it is more interesting to see the non-linear change on the standard deviation, which ultimately will cause a different degradation on the insulation material, and consequently, a pronounced impact over the lifetime of the cable. The effects are more complex when considering the combined changes on magnitude and spread. Lifetime models also demonstrate a considerable impact over the insulation ageing with, in principle, small variations of temperature magnitude. Table 1 : Cable performance evaluation Table 1 shows the results of the last block of the methodology (Figure 2 ), which applies the Equation (4), varying the cable sections , and fixing ℎ = 8760 ℎ (carried out for the year with highest capacity factor). As it can be noted, after 10 sections, total losses variation is negligible and unnecessary in terms of the computing time growth, indeed, the efficiency variation is derisory; therefore, a rough approximation of ten sections is more than acceptable. It is important to remark the value of an accurate total electric losses estimation for financial analysis, with more than 0.1% error in the losses calculations.
Conclusions
This paper introduced a comprehensive methodology, combining different concepts, to optimally size offshore wind farms AC export cables. The focus of this work has been to describe the basics on the formulated approach, and exploring the application of a TEE model for Dynamic Temperature Prediction (DTP).
The currently used criterion for sizing cables in weatherbased systems generations is obsolete and overconservative, results on this paper point out the overdimensioning of cables by applying such methodologies, from a point of view of insulation ageing. Additionally, the effects of the variation of seabed temperature have been quantified, and the importance of accurate gathering of data is stressed by performing a sensitivity analysis.
Future work will present the full application of the methodology, in conceptual terms, and by analysing specific case studies.
